Global sea level has been rising by about 20 cm during the last century and is expected to continue to rise in the 21st century. The rise and variability is not spatially uniform. To be able to project local changes in relative sea level (RSL), it is important to identify the processes that govern regional RSL variability. In this study, we assess the importance of different contributions to RSL variability along the coast of Norway in the period 1960-2010. By using hydrographic station data at the coast, sea level pressure, and observed vertical land uplift, we compute RSL changes due to thermal expansion, haline contraction, the inverted barometer effect, and land uplift caused by glacial isostatic adjustment. The combination of these contributions is compared to RSL variability observed with tide gauges. For all but the two southernmost stations, the reconstructed RSL explains 70-85% of the observed variability of the monthly sampled time series. The inverted barometer effect is responsible for more than half of the explained variability, while thermosteric height represents the largest contribution to the linear trend. Due to land uplift, the local RSL rise is weaker and partly negative along the Norwegian coast. The residual (observed minus reconstructed) shows a positive trend ranging from 1.3 mm yr À1 to 2.3 mm yr À1 . It is speculated that the reason for this is an increase of mass in the ocean due to melting of land-based ice and, to a lesser degree, the combined thermohaline expansion in the deep Nordic seas.
Introduction
[2] Data from tide gauges indicate that the global sea level has been rising by about 25 cm since the start of the observational record in 1860 [Church and White, 2011; Woodworth et al., 2011a] . Sea level rise since 1992, inferred from satellite-borne altimeters, shows an increase of slightly more than 3 mm yr À1 [Cazenave and Llovel, 2010] . The two independent time series are in general agreement during the overlapping period [Woodworth et al., 2011a] . It is therefore a well-established fact that the global sea level is rising. Whether the rise of the observed sea level is accelerating, which is a key question related to projections of future sea level rise and its consequences for coastal regions, depends heavily on the time span of the analysis. Based on a reconstructed sea level time series, both Jevrejeva et al. [2006] and Woodworth et al. [2011b] indicate an accelerated sea level rise starting at the end of the 19th century.
[3] A main element of the rising sea level is the enhanced uptake of heat by the ocean and the subsequent thermal expansion of the water masses. Other major contributions are the melting of land-based glaciers and the large ice sheets on Greenland and Antarctica. According to the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC), thermal expansion contributed with about 40% while glaciers and ice sheets accounted for the remaining 40% and 20%, respectively, for the period 1961-2003 [Meehl et al., 2007] . It is, however, only in recent years with improved observation platforms that the major contributing factors to the global sea level form a near closed budget [Cazenave et al., 2008; Leuliette and Miller, 2009] .
[4] Recent analyses show that the relative importance of the individual contributions to the global sea level is subject to large temporal variations. Synthesis studies by Cazenave et al. [2008] and Cazenave and Llovel [2010] suggest that the importance of melting ice sheets to the total sea level rise increased to 40% during the period 2003-2007/2008 , whereas the contribution from thermal expansion decreased to about 15%. The increasing contribution from melting ice sheets is in general agreement with the reported acceleration of the melting of land-based ice [Rignot et al., 2011 ].
[5] Sea level is not rising at the same rate globally but exhibits significant spatial variations [Church et al., 2004; Cazenave et al., 2008] in addition to the large interannual and decadal fluctuations superimposed on the long-term increasing trend [Jevrejeva et al., 2006] . Several studies have examined local changes in the observed, and to some extent in the modeled, sea level. Examples of regional sea level analysis cover the Arctic Ocean [Pavlov, 2001; Proshutinsky et al., 2001 Proshutinsky et al., , 2004 Proshutinsky et al., , 2007 , the North Atlantic Ocean , the coast of Scotland [Rennie and Hansom, 2011] , the German Bight [Wahl et al., 2011] , the Mediterranean Sea [García-García et al., 2010; Meyssignac et al., 2011] , and the coast of the U.S.A. [Yin et al., 2009; Weiss et al., 2011] . Recent regional sea level studies deduced from global analysis are given by, e.g., Riva et al. [2010] , Yin et al. [2010] , Pardaens et al. [2011] , Marcos et al. [2011] and Slangen et al. [2011] .
[6] The objective of this study is to quantify, to the extent possible, the major contributions to the observed sea level changes, in terms of variability and trends, along the eastern rim of the Nordic seas during the past 50 years. While the steric height anomaly is globally mostly accounted for by thermal expansion, haline contraction is almost equally important in the subpolar North Atlantic. Here, cooling and simultaneous freshening lead to density compensated linear trends in steric height during the second half of the 20th century [Antonov et al., 2002; Levitus et al., 2005; Steele and Ermold, 2007; Siegismund et al., 2007] . It is however not clear to what extent changes in sea surface height in the interior of the Nordic seas are relevant for changes in sea level along the Norwegian coast. The coastal water is, for instance, influenced by both relatively warm Atlantic Water and fresh water from land runoff, whereas the interior of the basin mainly consists of cold and relatively fresh water of polar origin.
[7] The dominant mode of atmospheric variability over the Nordic seas is characterized by a meridional pressure gradient and southwesterly winds, commonly represented by the North Atlantic Oscillation (NAO) index [Hurrell, 1995] . The effect of atmospheric forcing on sea level along the Norwegian coast is dual. Changes in surface pressure affect sea surface height through the inverted barometer effect (IBE) while the prevailing southwesterly winds push the water onshore. Storm surges combine both effects and may lead to exceptionally high sea levels along the northwestern European coast, impacting existing infrastructures.
[8] Wakelin et al. [2003] found good correlation between sea level observed along the western European coast and the NAO index. In particular, wind effects appeared to dominate over IBE in the southeastern North Sea while the wind contribution away from the shelf was negligible. Jevrejeva et al. [2005] demonstrated that the link between NAO and European winter sea level persisted only for selective time intervals, probably due to a meridional shift in westerlies that is not properly represented by a static NAO index. This finding strongly indicates cautious use of the NAO index as a time invariant proxy for winter variations in the sea level in the region.
[9] Fennoscandinavia experiences relatively large, but spatially nonuniform, glacial isostatic uplift [Ekman, 1996; Milne et al., 2001] . Recent estimates of the uplift rates are given by Vestøl [2006] , varying from more than 40 cm per century in the inner Oslo fjord in southeast Norway to about 10 cm per century along the outermost part of southern and western Norway. Consequently, and particularly on multidecadal and longer time scales, changes in sea level with respect to land do not necessarily reflect changes in sea level in the open ocean. In this study, we investigate changes in the relative sea level (RSL), that is changes in the sea level with respect to land. For sea level estimates representing the open ocean, we use the term sea surface height (SSH).
[10] Among other, less directly observable contributions to local RSL change are redistribution of ocean mass onto continental shelves due to deep ocean expansion, and the expectedly important mass input from glaciers and ice caps. These contributions will be roughly estimated and briefly discussed in light of the observed RSL variability and trends.
[11] The main objective of the present study is to identify and quantify the contributions to the observed RSL variability along the Norwegian coast, and to assess to what degree RSL can be estimated from the contributions taken into account.
[12] In section 2 we describe the data and methods used to compute and analyze the contributions to RSL variability. Results are presented and observed RSL is compared to its reconstruction in section 3. The outcome and missing contributions are discussed in section 4 and the study is concluded in section 5.
Data and Methods
[13] Various factors contribute to variations in RSL. In this study, we consider changes induced by atmospheric and thermohaline variability, as well as vertical land uplift. The combination of these contributions yields the reconstructed RSL,
which will be compared to the observed RSL. In the expression above, h p is the SSH variability due to surface pressure fluctuations (the IBE effect), h T and h S are the thermosteric and halosteric contributions, respectively, and GIA is a linear trend representing vertical land uplift due to glacial isostatic adjustment. Accordingly,
where h res is the sea level residual that is not explained by our reconstruction.
[14] In the following, we will describe the data we use to compute the single contributions, and how we quantify their relative importance on interannual time scales and with respect to trends.
Tide Gauge Data
[15] Observed RSL is obtained from the historical tide gauge data set compiled by the Permanent Service for Mean Sea Level (PSMSL) [Woodworth and Player, 2003] for the period 1960-2010. We use exclusively the Revised Local Reference data, presenting the sea level measured relative to a coastal benchmark at each station. Our criteria for selecting tide gauge time series are multidecadal records (>30 years) without large gaps (>1.5 years) covering the past 50 years ( Figure 1 and Table 1 ). Longer records are available at some stations but for consistency and due to the limited availability of auxiliary data (see below), we confine our analysis to the period after 1960.
Vertical Land Movement
[16] The most important process contributing to vertical land movement in the northeastern North Atlantic is GIA (as opposed to earthquakes, increased groundwater extraction and deposits from river discharges). There are two approaches to determine vertical land uplifts related to GIA. The most common approach is by means of geodynamic modeling. The second approach is to use observations. Vestøl [2006] combined leveling, historical tide gauge recordings and global positioning system data to derive land uplift rates for Fennoscandinavia.
[17] Land uplift estimates as predicted by the ICE-5G models are supplied by the Permanent Service for Mean Sea Level [Peltier, 2004] for two different Earth models (VM2 and VM4). There are large discrepancies between the modeled estimates (not shown). Both are lower than the estimates from Vestøl [2006] . Peltiers model is global, so smallscale anomalies in Earths structure are not properly modeled.
[18] Therefore, we use the data set provided by Vestøl [2006] . It is partly based on tide gauges (from longer periods than discussed here) but we consider it the best available estimate of vertical land uplift rates to date. Rates of vertical uplift at the positions of the tide gauge stations are presented in Table 1 .
[19] A problem here is that data coverage close to tide gauge stations is in general sparse. The reliability of the uplift rates varies geographically depending on the spatial density of tide gauges with long-term observations of sea level. Thus, uncertainties in the derived rates are not geographically uniform [Vestøl, 2006, Figure 7] . In this study, however, we use the average uncertainty of 0.5 mm yr À1 .
Thermohaline Contributions
[20] Hydrographic station data along the Norwegian coast were provided by the Institute of Marine Research (IMR), Bergen, Norway. There are eight permanent stations along the Norwegian coast (Figure 1 ) that have been maintained for several decades and provide vertical profiles of temperature and salinity. The frequency of measurements varies with time. Except for Skrova at 68 N with almost weekly sampling, each station has been sampled approximately twice a month, but with gaps in the data from one to several months. Data cover the period 1960-2010, with the exception of Ingøy (1968 Ingøy ( -2010 and Bud (1971 Bud ( -2010 .
[21] Steric height along the coast is computed following McClimans et al. [1999] : The position of each tide gauge station and the availability of data is given. GIA is provided in the fifth column based on Vestøl [2006] . The last column shows the hydrographic station used to compute the thermohaline contributions for the selected tide gauges (see Figure 1 ). The stations in bold are discussed in section 3.2.
where the integration is from the bottom of the profile to the surface. The reference density r 0 is the mean of the vertical average of all profiles at the given station. Absolute steric height is very sensitive to the choice of r 0 , while anomalies and linear trends are rather unaffected. According to Gill and Niiler [1973] , h st can be divided into a thermal (h T ) and a haline (h S ) component assuming the deviations from a reference temperature and salinity are small. Accordingly,
where a and b are the thermal expansion and haline contraction coefficients of sea water, respectively [McDougall, 1987] , evaluated at T * = (T + T 0 )/2 and S * = (S + S 0 )/2 following Siegismund et al. [2007] . Here, T 0 and S 0 are reference temperature and salinity, respectively.
[22] The locations of the hydrographic stations are not identical to the locations of tide gauges ( Figure 1 ). Therefore, RSL observations from tide gauges have been paired with the steric height, computed from (3), based on their location and the highest correlation coefficients between steric height and RSL observed with tide gauges (not displayed). Table 1 shows which hydrographic station has been assigned to which tide gauge station. The hydrographic stations at Ytre Utsira and Indre Utsira, and at Skrova and Eggum are situated close to each other ( Figure 1 ). Accordingly, from each pair only one station, namely Indre Utsira and Skrova respectively, has been used for the analysis.
Inverted Barometer Effect
[23] The SSH variability is strongly influenced by changes in atmospheric pressure through the inverted barometer effect (IBE). Generally, a 1 mbar increase in surface pressure produces a 1 cm depression of sea level. We use monthly atmospheric surface pressure from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis [Kalnay et al., 1996] at 2.5 spatial resolution to apply the inverted barometric correction
Here Dp is the pressure fluctuations leading to IBE, r 0 is the reference density of sea water taken as 1025 kg m À3 , and g is the acceleration due to gravity. The pressure fluctuations are defined as the deviations from the mean over the period 1960-2010. The pressure is taken from the ocean grid point closest to the location of the tide gauge station.
Variability and Trends
[24] The focus of this study is to assess the contribution to the above mentioned components to the observed RSL variability and change. The analysis is based on monthly time series. Covariability is explored by means of correlation and covariance analysis. If not stated otherwise, the linear trend has been removed from all time series prior to computing correlation coefficients and covariances. Therefore, linear long-term trends are not included in the covariance analysis although they may contribute significantly to the variance on long time scales.
[25] For two time series x and y, the correlation coefficient is computed using
The variance explained by RSL rc in equation (2) is then
while the variances explained by the contributions in equation (1) are
However, as the h i are not independent
and comparison of equation (8) with equation (7) shows that
Thus, covariances between the predictors are important as they contribute to the explained variance.
[26] In addition to covariances, the observed RSL and its contributions were analyzed with respect to linear trends. To remove contributions from short-term variability and the seasonal cycle, trends were computed from data low passed with a 1 year running mean. Prior to filtering the data, gaps were filled using the seasonal cycle. After filtering, the gaps were reinserted and trends have been obtained by linear regression using least squares. The respective uncertainties are given by the 95% confidence intervals of the regression coefficients.
[27] To assess the trend of the residual sea level, that is the sea level that is not explained by vertical land uplift and changes in surface pressure and hydrography, the following linear model is assumed
Here, h is the observed RSL and b i are the coefficients obtained by regressing h on time t and the sum of the components, and minimizing the error term using the least squares method. As GIA represents a pure linear trend with a relatively large uncertainty, it is treated separately from the other components. In the above expressions, b 0 is the intercept of the model, and b 2 is a measure for how much of the variability of h is explained by the sum of steric and barometric contributions and is close to 1 if those contributions account for most of the variability. b 1 represents a linear trend in RSL and includes vertical land uplift as well as the residual (unexplained) trend, b 1 * . b 1 * represents the trend in SSH and is obtained by b 1 * = b 1 + GIA. The respective uncertainties are computed from the square root of the summed square errors.
[28] To explore the common variability of all observations, we use empirical orthogonal function (EOF) analysis and present the corresponding principal components (PC). For vector fields such as surface wind, the components u and v are treated as two fields and the EOF analysis is performed on the joint matrix (u, v).
Results

Relative Sea Level and Sea Surface Height
[29] The RSL observations used in this study are spread along the Norwegian coast, thus spanning more than 10 latitudinal degrees. To extract the variability common to all stations, we perform an EOF analysis on the observations for the period 1960-2010. Gaps in the data are zero padded and all time series are low passed with a 1 year running mean filter prior to performing the analysis, in order to exclude contributions from the seasonal cycle. The leading mode of variability (Figure 2 ) explains 65% of the observed variance. The corresponding spatial pattern (not displayed) shows that this mode is most important in Oslo and north of Ålesund and less significant (but still positive) from Tregde to Måløy. The displayed RSL based on the first EOF is dominated by large interannual variability, particularly in the 1980s and early 1990s. A negative trend is seen in the first part of the record but it levels off sometime during the 1980s. The overall trend is À0.4 AE 0.3 mm yr À1 and therefore just significantly different from zero.
[30] To assess the effect of vertical land uplift given in Table 1 , we compute linear trends from the observations of RSL for the period 1960-2010 (where available) and compare the results with trends corrected for land uplift, i.e., trends in SSH, in Figure 3 . The RSL trends are spatially not uniform along the coast of Norway. They are positive from Tregde to Ålesund and north of Harstad, and negative or close to zero elsewhere. At Oslo, RSL is sinking at a rate of 2.5 mm yr À1 . After correcting for vertical land uplift, the trends are significantly larger and positive at all stations (>1.7 mm yr À1 , with a mean value of 2.6 mm yr À1 ). Thus, vertical land uplift substantially weakens RSL rise along the Norwegian coast.
[31] The leading EOF mode of SSH (Figure 2 ) features a positive trend starting around 1985, indicating that rates of SSH rise were comparable to or exceed rates of vertical land uplift sometime during the 1980s. The linear trend in the SSH-EOF for the whole period is 2.9 AE 0.3 mm yr À1 , or 3.3 mm yr À1 larger than the trend in RSL. For better visualization, the monthly time series have been low passed by applying a 1 year running mean.
Contributions to Relative Sea Level
[32] In this study, RSL at the tide gauge locations presented in Table 1 is reconstructed by computing and combining observed land uplift with SSH fluctuations induced by the IBE and thermosteric and halosteric height following equation (1). Figure 4 shows these contributions to the interannual (1 year running mean applied) RSL variability for Bergen. The IBE explains most of the variance (47%), while the thermosteric and halosteric components account for about 12% and 18%, respectively. Combined, they explain 62% of the observed interannual RSL variability in Bergen. Both the IBE and halosteric height are dominated by strong interannual variability with no obvious trends. In contrast, thermosteric height features low-frequency, decadal variation and a positive trend in the second half of the period.
[33] The explained variances of the single contributions as well as of their combination at all stations are summarized and presented in Figure 5 . The analysis was performed for short-term and long-term variability, with a cutoff frequency of 1 year. Note that the trends are not included in the covariance analysis. Depending on the location, the reconstruction explains 28% to 86% of the observed intra-annual variability, and 38% to 75% of the observed interannual variability. The hydrographic station at Lista (Figure 1 ) may not be representative for the hydrography in the Oslofjord since it is remotely located. If Oslo is excluded, the minimum variance explained by our reconstruction is 45% on intra-annual and 48% on interannual time scales at Tregde.
[34] The sums of the explained variances of the contributions (color bars in Figures 5a and 5b) exceed the explained variance of the reconstructed RSL (dots) indicating covariability between the contributions (Figures 5c and 5d) . Indeed, there are significant and positive covariances between IBE and thermosteric and halosteric height on intraannual time scales. Covariances between IBE and halosteric height are strongest on intra-annual time scales, but are also present on interannual time scales. In addition, there is a tendency toward density compensation on longer time scales. The latter is, however, only significant at the two southernmost stations. Figures 5a and 5b , respectively. Covariances framed with a thick black line are statistically significant at the 99% confidence level.
[35] Except for the tide gauges in Oslo and Tregde, the contribution from the IBE is largest on both time scales. On intra-annual time scales, halosteric height equals or exceeds the contribution of thermosteric height hinting toward the importance of the relatively fresh water carried along the Norwegian coast by the Norwegian Coastal Current. On longer time scales, the relative contribution from halosteric height decreases. Apart from the southernmost stations Oslo and Tregde, both thermosteric and halosteric height contribute positively to the explained variance. Hence, there is in general no net density compensation present in the coastal water column. The explained variance of the reconstructed RSL decreases at interannual time scales (Figure 5a versus Figure 5b ), indicating that other processes are more important on longer time scales.
[36] The explained variances for the unfiltered time series (not shown) are very similar to the explained variances for the high-pass-filtered time series in Figure 5a with maximum in Harstad (85%) and minimum in Oslo (30%).
[37] Due to the sparseness of the hydrographic stations as well as the rather coarse resolution of the gridded surface pressure field, only a few tide gauge stations are unique in terms of the chosen contributing factors. Based on the results in Figure 5 and the length and completeness of the available data record, Tregde, Stavanger, Bergen, Kristiansund, Tromsø and Hammerfest are selected for the following analysis.
[38] The temporal variability of observed RSL and its contributions is assessed by computing the respective spectra at each of the selected stations. The mean spectra are presented in Figure 6a . The IBE dominates on subseasonal time scales and is the least important contribution on decadal time scales. Except for a seasonal peak, its spectrum is white. The steric height spectra show increasing power with increasing periods. Common to all contributions is a distinct peak at the annual period. IBE and thermosteric height have on average the same amount of power in the seasonal cycle. However, the phase of the associated seasonal cycle varies (Figure 6b ). While the IBE peaks in December, thermosteric height does so already in September/October. The contribution from halosteric height to the seasonal cycle is considerably smaller with a minimum centered around July and a maximum in November. The sum of all contributions has a mean seasonal cycle with an amplitude of about 9 cm and a minimum (maximum) in May (November) while the amplitude in the observations is 12 cm with minimum in April/May and maximum in November/December.
[39] Figure 7 presents the trends of the IBE and steric contributions. Comparison with rates of vertical land uplift (Table 1) shows that the uplift dominates the linear trend of the contributions. Vertical land uplift aside, the largest trend contribution is from the thermosteric component, ranging from 0.5 mm yr À1 in Stavanger (Indre Utsira) to 1.0 mm yr À1 in Kristiansund, where it has been computed over a shorter period, and Tregde. This result indicates a net warming of the water column along the entire Norwegian shelf. The halosteric contribution compensates with weak negative or close to zero long-term trends that correspond to a net salinification of the water column. The exception is Tromsø (Skrova) where freshwater appears to accumulate leading to a positive trend comparable to that of IBE. Trends due to long-term changes in surface pressure are insignificant except at the station in Tromsø where the IBE contributes positively to the trend.
Reconstruction and Residuals
[40] Figure 8 presents RSL observations at the selected stations together with their unique reconstructions. As there is no data available at the hydrographic stations in Ingøy and Bud prior to 1970 we cannot reconstruct RSL further back in time for Hammerfest and Kristiansund. Observed and reconstructed RSL agree well. The interannual variability is mostly captured by the reconstruction. There are however occasional deviations from the observations, e.g., in the late 80s from Bergen to Tromsø. As these excursions are present at several stations, it is unlikely that they are the result of erroneous observations but represent actual strong anomalies caused by other processes than those accounted for in this analysis.
[41] The residual trend, i.e., the trend that is not accounted for by our RSL reconstruction, and its uncertainty for the six selected stations are presented in Figure 9 . The trend is positive for all stations and ranges from 1.3 mm yr À1 at Tregde to 2.3 mm yr À1 at Hammerfest (Table 2) . These trends are comparable to or larger than the combined trend owing to pressure and steric changes (Figure 7) . Evidently, additional processes contribute significantly to the observed long-term trends in RSL along the Norwegian coast.
Discussion
[42] We have estimated RSL variability along the Norwegian coast at various locations by accounting for vertical land uplift, atmospheric loading and steric contributions. The combination of these effects was compared to historical observations from tide gauges and we found that, depending on the location, our estimate explains 30-85% of Figure 8 . Observed (red) and reconstructed (black) RSL at selected stations. To improve the visualization and to emphasize interannual variability, the data has been low passed by using a 1 year running mean. Correlation coefficients between observations and reconstructions are presented. (11) and (12) for the six selected stations. the observed variability. On subdecadal time scales the bulk of the observed variability is explained by the IBE. In particular, IBE and halosteric height covary significantly, thus amplifying each other. Anomalously low sea surface pressure (positive IBE anomaly) is often related to more storms traveling into the area. Storms cause southwesterly wind anomalies that result in eastward propagation and subsequent downwelling of the fresh coastal water. These mechanisms are important on seasonal (Figures 5c and 6b ) as well as interannual time scales (Figure 5d ).
[43] Owing to strong land uplift, the trend in RSL is reduced substantially along the entire Norwegian coast. However, rates of sea level rise appear to be large enough to compensate for vertical land uplift, resulting in positive observed RSL trends along large portions of the coast. A similar result has been reported by Rennie and Hansom [2011] for the coast of Scotland where the land uplift is comparable to the uplift in southern and western Norway.
[44] The effect of thermal expansion is evident at all stations with trends of up to 1.0 mm yr À1 , thus dominating the trend budget compared to halosteric and surface pressure induced long-term variability. It is worth noting that the importance of the IBE trend increases toward higher latitudes. This is consistent with the reported decrease of surface pressure over the Arctic Ocean [Walsh et al., 1996] .
[45] The positive trend in the residual sea level indicates that the observed trend is substantially underestimated by our reconstruction. For the period 1960-2000, Marcos and Tsimplis [2007] found residual trends of 1.1 mm yr À1 in the NE Atlantic and 1.3 mm yr À1 in the North Sea. Those trends are comparable to the residual trends we found in Southern Norway. There are several factors not included into our analysis that may contribute to a rise in observed RSL.
[46] Changes in the circulation of the ocean contribute to sea level variability. Numerical models indicate that changes of the Atlantic Meridional Overturning circulation (AMOC) result in regional dynamic sea level changes [Levermann et al., 2005; Yin et al., 2010] . This effect may alter the influx of Atlantic Water to the Nordic seas in a warmer world, but it is likely small for the time period considered here. In addition, there is no observation-based evidence for long-term changes in AMOC, also indicating that the mentioned effect-for the present day climate-is small.
[47] Other forcing mechanisms for variability and trend that are worthwhile discussing, are (i) the dominant atmospheric pattern of variability in the Nordic seas favors southwesterly winds that, through Ekman transport, push water toward the coast; (ii) warming and/or freshening of the deep ocean within the Nordic seas result in ocean mass redistribution, moving water from the interior onto the shallow shelf areas; (iii) melting of land based ice redistributes water from land to the oceans while the opposite is true for the retainment of water, e.g., through storage. In the following sections these effects will be examined further.
Effect of Wind
[48] In order to assess the impact of wind on observed RSL, we perform an EOF analysis of the wind over the northern North Atlantic and Nordic seas, and compare it with the leading mode of the sea level residual (Figure 10 ). To also address the unexplained sea level variance on intraannual time scales, monthly data are used. Surface wind is obtained from the NCEP-NCAR reanalysis [Kalnay et al., 1996] . The following analysis has been duplicated using surface wind stress instead of wind, with essentially identical results (not shown).
[49] The leading mode of the wind field shows a pattern with strong westerlies over the Irminger Sea and winds parallel to a major portion of the northern European shelf. The corresponding principal component features seasonal (not shown), interannual as well as decadal variability. The latter includes a positive trend starting in the late 1960s persisting until the late 1980s. Since then, long-term fluctuations are moderate although superimposed by large interannual fluctuations. The correlation coefficients between PCs of wind and residual sea level are r = 0.42 on monthly time scales and r = 0.19 for data low passed with a 1 year running mean. The spectrum of the leading wind mode (Figure 11 ) has a peak at the annual period, suggesting that the part of the seasonal cycle not explained by our reconstruction (Figure 6 ) is caused by wind forcing. Indeed, the seasonal cycle of the leading wind mode has a strong minimum in May (À3 m s À1 ) and a maximum in December and January (2 m s À1 ) (not shown).
[50] In addition to the seasonal cycle, the spectra of leading modes of wind and sea level residual have increased power toward longer time scales (Figure 11) , with the spectral density of the sea level residual exceeding those of the wind on the longest time scale. The positive trend in 1970-1990 is common to both time series, indicating that the rise in RSL during this period is partly wind driven. However, the observed RSL continues to rise although there is no apparent long-term trend in the wind forcing (Figure 10 ). The overall trend in wind is close to zero (0.02 AE 0.01 m s À1 yr À1 ). This hints to other processes being responsible for the observed rise, in particular during the last decade. 
Redistribution of Ocean Mass
[51] Steric sea level changes in the interior Nordic seas may affect SSH changes along the Norwegian coast through redistribution of ocean mass. In particular, changes in the thermohaline structure of the deep ocean generate horizontal pressure gradients at the surface with respect to the shallow shelf areas and ocean mass is transferred to balance the gradients [e.g., Yin et al., 2010] . Warming of the deep abyss has been reported by Østerhus and Gammelsrød [1999] and attributed to the variability in the exchanges between the three deep basins of the Nordic seas. In addition, the warming signal observed in the upper ocean [Holliday et al., 2008] may gradually penetrate into the deep ocean leading to even stronger warming there.
[52] Figure 12 shows changes in steric height computed in the 500-2000 m depth range at Ocean Weather Station Mike (OWSM, 66 N, 2 E) for the period 1960-2006. At these depths, the water masses are very cold and density follows mostly salinity. This translates to the steric height being governed by its halosteric component. However, thermosteric height tends to follow the steric height as well, i.e., as the water gets fresher it gets also warmer. Prior to the 1980s the steric height in the deep ocean features a weak negative trend but is mostly dominated by variability on shorter time scales. Around 1990, steric height increases abruptly at OWSM by roughly 1 cm within only 2 years. The fast increase is mostly accounted for by the halosteric component, i.e., freshening of the deep water whereas the thermosteric component increases more moderately. Steric height continues to increase steadily though at a lower rate than observed in 1990. The jump is due to warmer and fresher intermediate waters reaching OWSM and it is reasonable to assume that the filling up of the whole Nordic seas has been a gradual process since around 1980 [Østerhus and Gammelsrød, 1999] . The overall trend for the 1960-2006 period is 0.4 AE 0.1 mm yr À1 while, for the period 1980-2006, the increase is 1.3 AE 0.1 mm yr À1 .
[53] As a result of increased SSH in the interior Nordic seas, ocean mass is transferred toward the shallow shelf, contributing to the observed sea level rise along the coast. The time scale of the adjustment of the sea surface is in the order of a few days (surface gravity waves). However, changes in the deep ocean alter the density structure of the water column (lifting isotherms etc). This leads to internal adjustment processes that take place on time scales of years to decades.
Mass-Exchange-Related Trends on the Norwegian Coast
[54] The world's ice sheets, glaciers and ice caps have been losing mass at an increasing rate over the last decades. As opposed to the other effects discussed in this paper, which redistribute mass inside the oceans, this adds mass to the oceans. As a direct result, the global sea level rises according to the mass received (eustatic sea level rise). However, the change in the earths gravitational field due of the loss of mass from the land sources, causes a redistribution of the sea level, in addition to the causes already discussed.
[55] In total, the mass loss from land ice has contributed to an eustatic sea level rise of 1.09 AE 0.26 mm yr À1 in the period 1972-2008 . This can be attributed to three main contributors: Greenland Ice Sheet (GIS) with 0.12 AE 0.17 mm yr À1 ; Antarctic Ice Sheet (AIS) with 0.30 AE 0.20 mm yr À1 ; and glaciers and ice caps (GIC) with 0.67 AE 0.03 mm yr À1 .
[56] When mass is lost from a region, such as an ice sheet or glacier, the (horizontal) gravitational pull from that region is weakened and water levels around the source sinks. This effect is not negligible. As explained by Tamisiea et al. [2003] , the gravitational change results in a redistribution of global sea level equal to the exchanged mass multiplied by factors ranging from below zero to above one. These patterns are called fingerprints of the source in question, and reach around the globe with the strongest (diminishing) effect close to the source and above eustatic sea level rise in far away regions. There is also a smaller and slower but also Figure 12 . Steric height anomalies (black) computed between 500 and 2000 m from hydrographic profiles at OWSM. Thermosteric (red) and halosteric (blue) components are shown as well. The long-term mean was removed, and a 1 year running mean was applied. global reaching crustal effect included in this. Factors for the Norwegian coast, related to the three mentioned ice sources, can be deduced from the fingerprint patterns provided by Mitrovica et al. [2001] : f GIS ≈ 0.0; f AIS ≈ 1.0; and f GIC ranges from 0.7 to 0.5 from southern to northern Norway. Due to the large uncertainties in both the mass loss estimates above and our residual trends (Figure 9 ), we will not be concerned with the spatial differences along the Norwegian coast and use a representative value of f GIC ≈ 0.6.
[57] The regional result of these three mass balance contributions can then be estimated as
where Dh represent the three eustatic sea level trends given above.
[58] Error estimates for the fingerprint patterns are not provided in the literature, likely on the account of errors in the melt rates being much larger. And indeed, for our case, the large uncertainty in the AIS mass loss dominates the formal propagation of errors through (13), giving an error of 0.2 mm yr À1 for b MB * . With respect to any influence from error in the fingerprint factors it would have to be as large as 0.2, which is unlikely judging from the level of detail in the fingerprint patterns presented in Mitrovica et al. [2001] .
[59] The resulting mass loss contribution to sea level trend on the Norwegian coast for 1972-2008 is then 0.7 AE 0.2 mm yr À1 . This value is comparable with the independent (GRACE) gravity measurements of sea level change due to continental ice melt during 2003-2009 of 0.6 AE 0.2 mm yr
À1
for the same region [Riva et al., 2010] .
[60] In comparison with our residual trend of 1.9 AE 0.6 mm yr À1 for the Bergen case, the loss of land-based ice explains about one third of the residual trend. Although this mass balance contribution to the Norwegian coast is for a different epoch than the 1960-2010 period used in the residual trend estimation herein (Figure 9) , comparison is relevant.
[61] In addition to mass exchange from land based ice, effects such as retention of liquid water also comes into play, in the same manner, and the GRACE-measured total massexchange-related sea level trend for the Norwegian coast is 0.8 AE 0.4 mm yr À1 during 2003 À1 during -2009 À1 during [Riva et al., 2010 . This is a more relevant number to compare our residual trend to, but valid only for a far shorter period.
Summary and Conclusion
[62] Natural and anthropogenically induced changes in RSL have strong implications for all coastal communities including those along the long coast of Norway. To project future changes in RSL it is essential to identify and quantify the different contributions to RSL variability and change.
[63] Subdecadal variability in RSL along the Norwegian coast has been examined by comparing tide gauge observations of RSL with hydrographic measurements (steric height), atmospheric surface pressure (IBE) as well as land uplift rates (GIA) for the period 1960-2010.
[64] It is found that these components account for 30-85% of the observed variability on monthly to interannual time scales, depending on location, and that the largest contribution to variability comes from IBE. For the steric effects, there are large regional differences along the coast.
[65] Linear trends in RSL are positive in southwestern and northern Norway. The most prominent contributions to the trend are the land uplift and a positive thermosteric contribution from a warming in the coastal waters (e.g., -1.7 and 0.9 mm yr À1 , respectively, for Bergen).
[66] The mentioned contributions explain less than half of the observed trend. One candidate for uncertainty is the vertical uplift rates. Other contributions not taken into account, but discussed, are wind effects, melting of land based ice as well as ocean mass redistribution due to hydrographic changes in the deep ocean. While being important on seasonal and interannual time scales, the effect of wind on the long-term trend appears to be minor. Likewise, little information about the melting ice sheets and glaciers is known prior to the advent of satellites, and modern estimates still vary largely. We estimate that melting of land-based ice has resulted in a rate of sea level rise of about 0.7 AE 0.2 mm yr À1 along the Norwegian coast, corresponding to about one third of the unexplained trend. In addition, water masses in the deep Nordic seas appear to expand at a rate of 0.4 AE 0.1 mm yr À1 . It is however unclear, how this increase will affect RSL along the coast as it will also induce changes in the ocean circulation. Common to these additional effects is an increase since the 1980s, which is also seen in our unexplained residual series. While the large-scale winds do not contribute to a positive trend through the last 2 or 3 decades, the accelerating rates of loss of land-based ice may explain part of the remaining residual. In addition, changes in hydrology may contribute to the residual trend, but are also related to large uncertainties.
[67] Continued observations, in combination with a detailed numerical model, are likely needed to significantly improve our understanding of variations and changes in regional and local sea level.
